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INTRODUCTION 
The b a s i c proteinase i n h i b i t o r aprotinin ( T r a s y l o l ^ ) from bovine organs 
has been used for the treatment of acute p a n c r e a t i t i s , h y p e r f i b r i n o l y s i s , 
and traumatic shock for more than 30 years. However, uncertainty has e x i s t e d 
as to the appropriate dosage of aprotinin u n t i l recently, when more p r e c i s e 
assays to monitor plasma aprotinin l e v e l s were developed (Jochum et a l . , 
1 9 8 4 ; M u e l l e r - E s t e r l et a l . , 1984). These assays have been u t i l i z e d to 
monitor a p r o t i n i n plasma concentrations i n several c l i n i c a l t r i a l s (Jochum 
et a l . , 1987; Clasen et a l . , 1987). 
Plasma concentrations of aprotinin s u f f i c i e n t to i n h i b i t the d i f f e r e n t 
target enzymes were c a l c u l a t e d from enzyme k i n e t i c s and substrate a v a i l a b i -
l i t y ( P h i l i p p , 1978; F r i t z , 1978, 1985). To experimentally assess these 
t h e o r e t i c a l considerations we studied the plasma concentrations of a p r o t i n i n 
preventing the proteinase action of plasma k a l l i k r e i n and t i s s u e k a l l i k r e i n 
on t h e i r n a tural target substrates, the high molecular weight (HMW) and low 
molecular weight (LMW) kininogen as follows: ( i ) i n i n v i t r o systems the 
p u r i f i e d components were applied ( t i s s u e k a l l i k r e i n or plasma k a l l i k r e i n and 
LMW or HMW kininogen); ( i i ) i n experimental animal models e i t h e r the 
p u r i f i e d proteinase ( t i s s u e k a l l i k r e i n ) was administered by infusion or the 
proteinase (plasma k a l l i k r e i n ) was l i b e r a t e d from i t s precursor by the i n -
duction of contact phase a c t i v a t i o n . 
MATERIALS AND METHODS 
Reagents: Aprotinin (Trasylol*-) was purchased as a s t e r i l e i s o t o n i c 
s o l u t i o n for intravenous administration ( v i a l s of 500,000 KIU/50 ml, pH 5, 
s p e c i f i c a c t i v i t y 7150 + 200 KIU/mg from Bayer AG, Leverkusen, FRG). Human 
high molecular weight kininogen (HMWK), low molecular weight kininogen 
(LMWK) and plasma k a l l i k r e i n (HPK) were i s o l a t e d from f r e s h l y drawn plasma 
from healthy donors by the method of Mueller-Esterl et a l . , 1983. Tissue 
k a l l i k r e i n from porcine pancreas (PZ 744997) was kindly donated by Bayer AG, 
Leverkusen, FRG. Dextran sulphate (DS) (Mr 500,000) was obtained from Phar-
macia Fine Chemicals, Uppsala, Sweden. 
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Units and assays. The k a l l i k r e i n i n a c t i v a t o r u n i t (KIU) i s used tc 
measure the a c t i v i t y of aprotinin. One KIU i s defined as the amount of 
aprotinin which decreases the a c t i v i t y of 2 b i o l o g i c a l k a l l i k r e i n units by 
50 %. M u l t i p l i c a t i o n of the KIU values by a factor of 0.14 transforms these 
figures into the corresponding microgram quantities of aprotinin. Aprotinin 
l e v e l s i n plasma were measured by a competitive enzyme-linked immunosorbent 
assay (ELISA) for aprotinin (Mueller-Esterl et a l . , 1984). Plasma p r o k s l l i -
k r e i n (PPK) l e v e l s were measured by a chromogenic substrate assay (S-2202, 
Kabi Vitrum). Kininogen (HMWK + LMWK) plasma l e v e l s were measured by a 
bradykinin radioimmunoassay a f t e r cleavage with t r y p s i n (Uchida and Katori, 
1979). Coagulation times were determined by routine methods using diagnostic 
k i t s obtained from Behring, FRG. Data are presented as mean + SEM. 
In v i t r o studies. A l l i n v i t r o experiments using p u r i f i e d components 
were performed i n phosphate buffered s a l i n e with 1 % bovine serum albumin 
(pH 7.2, 37^C). By incubating increasing amounts of the i n h i b i t o r with a 
constant amount of the proteinase and kininogen the i n h i b i t i o n stoichicmetry 
of human plasma k a l l i k r e i n and porcine t i s s u e k a l l i k r e i n with aprotinin was 
determined. After a 180 min incubation time the re a c t i o n was stopped by 
a c i d i f i c a t i o n and the k i n i n released was measured by k i n i n RIA. The con-
centrations of HMWK (0.8 x 10" 6 mol/1) and LMWK (1.8 x 10" 6 mol/1) used i n 
v i t r o were s i m i l a r to the corresponding p h y s i o l o g i c a l plasma l e v e l s . 
Animal experiments. Weaned p i g l e t s weighing 17-23 kg were used. The 
animals were purchased from the Versuchsgut Oberschleissheim, Veterinary 
School, U n i v e r s i t y of Munich, FRG. Acepromacine maleate 50 mg (Vetranquil^) 
was administered intramuscularly for premedication. Anesthesia was induced 
with 15 mg/kg pentobarbital (Narcoren R) and maintained with repeated 
i n j e c t i o n s of 4 mg/kg. One a r t e r i a l and two venous catheters were inserted 
v i a the l e f t femoral v e s s e l s for hemodynamic monitoring and blood sampling. 
After a 1-h baseline period the animals were randomly assigned to d i f f e r e n t 
experimental protocols (Table 1 ) . Mean a r t e r i a l blood pressure (MAP) was 
monitored with a Bentley Trantec Model 800 transducer and a Sire c u s t 404 
monitor (Siemens AG, Munich, FRG). Blood samples were taken before and at 15 
min i n t e r v a l s during the experiment. P l a t e l e t s were counted manually i n EDTA 
anticoagulated samples (Neubauer chamber). Blood samples were anticoagulated 
with 3.8 % c i t r a t e (1:10) for PPK, aprotinin, Quick, or aPTT determinations, 
or heparin (5 U/ml) for kininogen measurements, and centrifuged at 20^C with 
3000 rpm for 20 min. The supernatant was aliquoted and stored at -80^C u n t i l 
measurement. After the observation period of 2 hours (DS groups, Table 1) 
and 5 hours (TK groups, Table 1), the animals were s a c r i f i c e d . 
Table 1. Experimental protocols: Animals were given e i t h e r t i s s u e 
k a l l i k r e i n (TK) or dextran sulphate (DS) simultaneously 
with e i t h e r s a l i n e or d i f f e r e n t doses of aprotinin. 
+ s a l i n e (n= 5) group DSQ 
+ aprotinin 50,000 KIU/kg (n= 4) group DS;^  
+ aprotinin 200,000 KIU/kg (n= 4) group DS 2 
+ aprotinin 400,000 KIU/kg (n= 2) group DS3 
Tissue K a l l i k r e i n + s a l i n e (n= 7) group TKQ 
[TK 50 ug/(kg x h)] - -~ 
+ aprotinin 694 KIU/(kg x h) (n= 6) group TK^ 
+ aprotinin 1389 KIU/(kg x h) (n= 6) group TK 2 
Contact a c t i v a t i o n 
[DS 2 mg/kg] 
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I n animals assigned to DS groups (see Table 1 ) a c t i v a t i o n of the coagu-
l a t i o n , f i b r i n o l y t i c and plasma k a l l i k r e i n systems was induced by continuous 
intravenous i n f u s i o n of dextran sulphate ( D S ) , 2 mg/kg over 6 0 min. I n 
addition, f i v e animals (group DSQ) were given s a l i n e ; ten animals received 
aprotinin i n a t o t a l dose ranging between 5 1 , 0 0 0 and 4 1 5 , 0 0 0 KIU/kg (groups 
DS^_ß) intravenously i n two equivalent doses, one as a bolus i n j e c t i o n 
before s t a r t i n g the DS i n f u s i o n and the other dose was coadministered with 
DS over a 6 0 min period. 
Tissue k a l l i k r e i n (TK) was infused i n 1 9 animals (see Table 1 ) at a 
constant rate of 5 0 ug/(kg x h) over 3 hours (groups TKQ_ 2 ) . The control 
animals (group TKQ) received TK and s a l i n e . I n the remaining animals TK was 
given simultaneously with a 4 hr infusion of aprotinin. The infusion of 
aprotinin was s t a r t e d 1 h before TK administration. 
RESULTS 
I n h i b i t i o n of t i s s u e k a l l i k r e i n 
Incubation of porcine t i s s u e k a l l i k r e i n with human LMW and HMW kinino-
gen i n v i t r o r e s u l t e d i n k i n i n release at t i s s u e k a l l i k r e i n concentrations 
greater than 1 0 " " ^ mol/1. The k i n i n release from LMWK was e f f e c t i v e l y 
blocked by apro t i n i n l e v e l s greater than 1 0 " ^ mol/1 ( 4 KIU/ml) ( F i g . 1 ) . 
This was also demonstrated for HMW kininogen (data not shown). 
After t i s s u e k a l l i k r e i n infusion, mean a r t e r i a l pressure (MAP) de-
creased over a 3 0 min period from 86.5 + 10.3 mmHg to 7 6 + 12.5 mmHg i n 
group TKQ. After 1 h MAP was restored to baseline l e v e l . A s i m i l a r 
t r a n s i e n t decrease i n MAP (from 1 0 0 . 3 + 13 . 2 to 83.7 ± 24.7 mmHg) was 
observed i n group TK]_, whereas i n group TK2 MAP decreased only s l i g h t l y 
(from 9 2 . 6 ± 16 . 2 mmHg to 86.2 + 5 . 1 mmHg). 
HMW-K in i nogen ( 0 .8x10 ' D mol / l 
Aproiinin, m o l / l " " * - Aprot inin. mo l / l — 
F i g . 1. Dose-response curves of aprotinin on the i n h i b i t i o n of k i n i n release 
from ( l e f t ) human low molecular weight (LMW) kininogen by porcine 
pancreatic (=tissue) k a l l i k r e i n (PPK) and (r i g h t ) human high 
molecular weight (HMW) kininogen by human plasma k a l l i k r e i n (HPK) i n 
the i n v i t r o system. The percent values given correspond to the 
degree of plasma p r o k a l l i k r e i n a c t i v a t i o n i n r e l a t i o n to the mean 
t o t a l amount of p r o k a l l i k r e i n present i n human plasma. 
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Kininogen concentrations i n plasma decreased to 42 + 17.5 % of the 
s t a r t i n g value (100 %) i n group TKQ. Aprotinin administration at doses of 
694 KIU/(kg x h) i n group TK X, and 1389 KIU/(kg x h) i n group T K 2 l i m i t e d 
t h i s f a l l to 63 ± 6.5 %, and 85 + 7.6 %, r e s p e c t i v e l y ( F i g . 2 ) . I n these 
experiments the plasma l e v e l s of aprotinin ranged from 0.6 to 1.4 KIU/ml i n 
group TK^, and from 4 to 7 KIU/ml i n group TK 2. 
i 1 r 
oo Aprotinin 694 KiU/(kg x h) 
rt • Nad 
OH 1 , 1 r - 1 
0 1 2 3 4 
T ime (h) 
F i g . 2. Plasma kininogen concentrations i n animals during an infusion 
of t i s s u e k a l l i k r e i n [50 ug/(kg x h ) ] . Aprotinin plasma l e v e l s 
ranged from 0.6 to 1.4 KIU/ml and from 4 to 7 KIU/ml during a 
continuous infusion of 694 KIU/(kg x h) and 1389 KIU/(kg x h ) , 
r e s p e c t i v e l y . 
T J 1 r 
O - D Aprotinin 200.000 KIU/kg 
o- o Aprotinin 50,000 KIU/kg 
• NoCI 
U i 1 1 1 1 1 
0 15 30 45 60 
T ime ( m i n ) 
F i g . 3. Plasma kininogen concentrations i n animals during a c t i v a t i o n 
of the i n t r i n s i c coagulation cascade by continuous infusion of 
dextran sulphate (DS), 2 mg/kg over T h. Aprotinin plasma 
l e v e l s ranged from 100 to 150 KIU/ml at a t o t a l dose of 50,000 
KIU/kg, from 200 to 300 KIU/ml (dose: 200,000 KIU/kg), and from 
400 to 500 KIU/ml at a t o t a l dose of 400,000 KIU/kg. 
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I n h i b i t i o n of plasma k a l l i k r e i n 
When human plasma k a l l i k r e i n (HPK) was incubated with human kininogen 
i n the i n v i t r o system, HPK concentrations greater than 10 "^ mol/1 were 
associated with s u b s t a n t i a l k i n i n release from HMW kininogen. HPK released 
k i n i n not only from HMWK but also from LMWK. At HPK concentrations of 10"** 
mol/1, 40 % of t o t a l HMWK and 20 % of t o t a l LMWK was cleaved within 180 min. 
Aprotinin l e v e l s greater than 10"-* mol/1 (400 KIXJ/ml) e f f e c t i v e l y blocked 
the a c t i o n of HPK on HMWK ( F i g . l ) and on LMWK (data not shown). The actual 
concentrations of ap r o t i n i n necessary for complete i n h i b i t i o n of k i n i n 
r e l e a s e depended c l e a r l y on the amount of plasma k a l l i k r e i n present. Thus, 
the i n h i b i t o r y e f f e c t i v e n e s s of a c e r t a i n aprotinin concentration i n vivo 
would depend on the percentage of plasma p r o k a l l i k r e i n a c t i v a t e d under the 
given conditions. 
Induction of contact a c t i v a t i o n i n animal experiments by continuous 
in f u s i o n of dextran sulphate ( D S ) over 60 min led to a tr a n s i e n t drop i n MAP 
(-66 + 14 mmHg) and a decrease i n plasma p r o k a l l i k r e i n (-77 + 2 %) and 
kininogen l e v e l s (-81 + 5 % ) . Administration of aprotinin delayed the onset 
of MAP reduction and the consumption of kininogen i n a dose-dependent manner 
(administered dose v s . onset of MAP decrease: Pearson r^=0.86; n=8). No MAP 
reduction at a l l and only a s l i g h t consumption of kininogen (-8 + 12 %) was 
observed at plasma a p r o t i n i n l e v e l s of 400 - 500 KIU/ml i n group DS3 ( F i g . 
3). Plasma l e v e l s of aprotinin i n group DS^ ranged from 100 - 150 KIU/ml and 
i n group D S 2 from 200 - 300 KIU/ml. P l a t e l e t count dropped below 200,000 
1/mm^  i n 4 out of the 5 animals i n group DSQ. I n the apr o t i n i n treated 
animals thrombocytopenia developed i n 1 of the 4 animals i n group DS2 and i n 
none of two animals i n group DS3. 
DISCUSSION 
The primary target enzymes of the bas i c proteinase i n h i b i t o r a p r o t i n i n 
( T r a s y l o l R ) from bovine t i s s u e c e l l s , are serine proteases such as tr y p s i n , 
plasmin, as well as t i s s u e and plasma k a l l i k r e i n ( F r i t z and Wunderer, 1983). 
I n t h i s study aprotinin was assayed for i t s a b i l i t y to i n h i b i t the act i o n of 
ti s s u e k a l l i k r e i n and plasma k a l l i k r e i n on t h e i r n atural substrates, HMW and 
LMW kininogen, both i n v i t r o and i n vivo. The r e s u l t s demonstrate that 
e f f e c t i v e i n h i b i t i o n of t i s s u e k a l l i k r e i n and plasma k a l l i k r e i n may be 
achieved, i n v i t r o and i n vivo under concentration conditions known to occur 
c l i n i c a l l y . Human t i s s u e k a l l i k r e i n and human plasma k a l l i k r e i n have 
a f f i n i t i e s to aprotinin comparable to those of the corresponding enzymes of 
porcine o r i g i n ( F r i t z and Wunderer, 1983). Our i n v i t r o studies using p u r i -
f i e d human compounds, and the i n vivo studies using pigs, yielded comparable 
r e s u l t s . Therefore the i n h i b i t o r y plasma l e v e l s determined may be equally 
v a l i d i n humans. Plasma l e v e l s of aprotinin were measured by a recently 
developed competitive enzyme-linked immunosorbent assay (Mu e l l e r - E s t e r l et 
a l . , 1984). This assay has been shown to provide a v e r s a t i l e means to 
monitor rapidly and p r e c i s e l y aprotinin l e v e l s i n plasma and body f l u i d s 
from patients treated with aprotinin (Jochum and Mu e l l e r - E s t e r l , 1985; 
Clasen et a l . , 1987). 
The a c t i v a t i o n and release of pancreatic proteases such as t r y p s i n or 
ti s s u e k a l l i k r e i n into peritoneal exudates and into the c i r c u l a t i o n , conco-
mitant with the consumption of endogenous i n h i b i t o r s and the turnover of 
kininogen, has been demonstrated i n both experimental p a n c r e a t i t i s (Kortmann 
et a l . , 1983; Borgstrom and Ohlsson, 1978) as w e l l as c l i n i c a l l y i n man 
(B a l l d i n and Ohlsson, 1979). Using continuous t i s s u e k a l l i k r e i n infusion as 
a model for k a l l i k r e i n l i b e r a t i o n , e.g. during acute p a n c r e a t i t i s , we 
studied the i n h i b i t i o n of t i s s u e k a l l i k r e i n with aprotinin i n animal experi-
ments. The dose of k a l l i k r e i n infused was c a l c u l a t e d from the k a l l i k r e i n 
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amount present i n the porcine pancreas (Frey et a l . , 1968). The r e s u l t s 
obtained revealed that even the maximal continuously l i b e r a t e d dose of 
k a l l i k r e i n , as can be predicted i n vivo, may be s u f f i c i e n t l y blocked at 
a p r o t i n i n plasma l e v e l s of 4 - 10 KIU/ml (10"^ mol/1). This was assessed by 
kininogen consumption and measurements of a r t e r i a l pressure. Keeping i n nind 
that t r y p s i n i s even more s e n s i t i v e to a p r o t i n in i n h i b i t i o n , concentrations 
of 10"^ mol/1 should also s u f f i c e to completely i n a c t i v a t e t r y p s i n released 
from the pancreas under inflammatory conditions ( F r i t z , 1985). 
Unlike t i s s u e k a l l i k r e i n and trypsin, plasma k a l l i k r e i n (HPK) i s much 
l e s s e f f i c i e n t l y i n h i b i t e d by aprotinin ( F r i t z , 1978). HPK plays a major 
r o l e i n the a c t i v a t i o n of the coagulation and f i b r i n o l y t i c cascades, ( i ) I t 
t r i g g e r s the endogenous pathway of blood coagulation v i a F X I I a c t i v a t i o n , 
( i i ) i t l i b e r a t e s k i n i n from kininogen, and ( i i i ) i t may stimulate poly-
morphonuclear granulocytes and thus induce the relea s e of lysosomal enzymes 
( M u e l l e r - E s t e r l and F r i t z , 1984; Schapira et a l . , 1983). A pronounced and 
r a p i d a c t i v a t i o n of HPK has been demonstrated i n traumatized and s e p t i c 
p a t i e n t s , and during cardiopulmonary bypass (McConn et a l . , 1983; Aasen, 
1985; H e l l e r et a l . , 1987). Activation of HPK occurs on negatively charged 
s u r f a c e s , e.g. exposed subendothelial str u c t u r e s . Also the c e l l w a l l 
f r a c t i o n s of b a c t e r i a may a c t i v a t e HPK (K a l t e r et a l . , 1983). Thus, a f t e r 
trauma and s e p s i s , i n a short time period, high amounts of a c t i v e HPK may be 
generated from i t s precursor plasma p r o k a l l i k r e i n despite high concentra-
tion s of endogenous HPK i n h i b i t o r s present i n plasma. 
We used the intravenous infusion of dextran sulphate (DS) as a model 
for the induction of i n vivo contact a c t i v a t i o n . I n t h i s model about 80 % of 
the plasma p r o k a l l i k r e i n i s activated within 60 minutes. This a c t i v a t i o n i s 
p a r a l l e l e d by a t r a n s i e n t f a l l i n a r t e r i a l pressure, a rapid turnover of the 
kininogens, a f a l l i n p l a t e l e t count, and a prolonged coagulation time. 
Aprotinin was able to attenuate t h i s response to DS i n a c l e a r dose depen-
dend manner. Marginal i n h i b i t i o n was observed at plasma l e v e l s of 100 
KIU/ml, weak i n h i b i t i o n with 200 KIU/ml, while plasma l e v e l s greater than 
400 KIU/ml abolished the e f f e c t completely. This was confirmed i n the i n 
v i t r o s t u d i e s : When ph y s i o l o g i c a l concentrations of HMWK were incubated with 
small amounts of HPK (corresponding to 1 % of the t o t a l HPK pool a c t i v a t a b l e 
i n v i v o ) k i n i n r e l e a s e was i n h i b i t e d at aprotinin concentrations of 40 
KIU/ml, whereas when higher amounts of HPK were applied (corresponding to 
10-20 % of the t o t a l HPK pool), only aprotinin concentrations as 400 KIU/ml 
properly i n h i b i t e d the action of HPK on kininogen. These r e s u l t s are i n 
agreement with t h e o r e t i c a l considerations based on enzyme k i n e t i c s and 
substrate a v a i l a b i l i t y which predicted that only aprotinin concentrations of 
200-400 KIU/ml would s u f f i c e to e f f e c t i v e l y i n h i b i t plasma k a l l i k r e i n 
( F r i t z , 1978; Philipp, 1978). 
At exceedingly high aprotinin plasma l e v e l s the i n h i b i t o r y function of 
a p r o t i n i n may be explained i n part by a l t e r n a t i v e mechanisms. At pH 7.4 
a p r o t i n i n i s a highly p o s i t i v e charged molecule and may a v i d l y bind to 
negatively charged surfaces ( F r i t z and Wunderer, 1983). I n our model, 
a p r o t i n i n may d i r e c t l y bind to DS and thus saturate the negatively charged 
a c t i v a t i n g surface. I n addition, i t i s known from ACD blood that a p r o t i n i n 
(a t concentrations of 400 KIU/ml) may bind to negatively charged molecules 
of the p l a t e l e t membrane surface and thus i n h i b i t p l a t e l e t aggregation 
(Harke et a l . , 1982). This e f f e c t of aprotinin, based on i o n i c i n t e r a c t i o n s 
may be responsible for the absence of thrombocytopenia i n the high dose 
a p r o t i n i n group. However, t h i s non s p e c i f i c e f f e c t of aprotinin, i n addition 
to i t s r o l e as an enzyme i n h i b i t o r may be s i g n i f i c a n t i n c e r t a i n c l i n i c a l 
s i t u a t i o n s such as a f t e r trauma or during cardiopulmonary bypass. 
The question a r i s e s as to the f e a s i b i l i t y of obtaining these plasma 
concentrations of a p r o t i n i n i n c l i n i c a l s i t u a t i o n s . Recent studies have been 
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shown that t h i s i s indeed f e a s i b l e (Clasen et a l . , 1987). However, due to 
the short plasma h a l f l i f e time of the i n h i b i t o r a continuous i n f u s i o n i s 
necessary to maintain plasma l e v e l s within the desired range ( F r i t z et a l . , 
1969, Clasen et a l . , 1987). Very high doses of aprotinin are apparently 
tole r a t e d w e l l . Coagulatory or microcirculatory disturbances have not been 
observed a f t e r administration of 17.5 millon KIU aprotinin within 24 hours 
i n traumatized p a t i e n t s (Clasen et a l . , 1987). The dosage regimen used i n 
t h i s study r e s u l t e d i n i n i t i a l peak plasma l e v e l s of about 400 KIU/ml which 
returned to 100-200 KIU/ml during subsequent continuous infusion of 1 
m i l l i o n KlU/h over 12 hours. I n our study, i n two aprotinin-control animals 
showing peak plasma l e v e l s of 800 KIU/ml a f t e r a bolus i n j e c t i o n and 400 to 
500 KIU/ml during subsequent continuous infusion of aprotinin, apart from a 
s l i g h t prolongation of the coagulation time, no physiologic change was 
noted. 
I n conclusion, the present study demonstrated that e f f e c t i v e i n h i b i t i o n 
of t i s s u e k a l l i k r e i n and plasma k a l l i k r e i n i n vivo i s achieved at a p r o t i n i n 
plasma l e v e l s of 4 - 10 KIU/ml ( 1 0 - 7 mol/1) and 400 KIU/ml ( 1 0 - 5 mol/1), 
r e s p e c t i v e l y . I n conjunction with the newly developed assays for a p r o t i n i n 
t h i s data may help to improve the e f f i c a c y of proteinase i n h i b i t o r therapy. 
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